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For six strains of Bifidobacterium bifidum (Lactobacillus bifidus), fermentation balances of glucose, lactose, galactose, mannitol, and xylose were determined. Products formed were acetate, L( +)-lactate, ethyl alcohol, and formate. L( +)-Lactate dehydrogenase of all strains studied was found to have an absolute requirement for fructose-1 , 6-diphosphate. The In previous papers (21, 29, 30) , it was shown that bifidobacteria ferment glucose via the fructose-6-phosphate phosphoketolase route. By enzyme determinations, the presence of the glycolytic system and hexose monophosphate pathway was ruled out (30) . For one strain of Bifidobacterium (Lactobacillus bifidus), the fermentation pathway of glucose was confirmed by the determination of the fermentation balance of glucose in resting-cell suspensions. The fermentation balance found [glucose --L(+)-lactate + 1.5 acetate] could be explained by the operation of the fructose-6-phosphate phosphoketolase route and reduction of pyruvate to lactate. It was shown that lactate dehydrogenase (EC 1 .1 .1 . 27) of this strain had an absolute requirement for fructose-I, 6-diphosphate. This explained the presence of small amounts of phosphofructokinase (EC 2.7.1.11), an enzyme otherwise not involved in the fermentation pathway, in cell-free extracts (29 (30) . Protein was determined according to Lowry et al. (17) .
Spectrophotometric assays were performed at 25 C in quartz cuvettes (1-cm light path) with an Unicam Sp 820 constant-wavelength scanner. The decrease or increase in absorbance was followed at 340 miA in the appropriate system.
The specific activity of lactate dehydrogenase and the influence of the concentration of fructose-1,6-diphosphate on the specific activity were determined as described previously (29 cell-free extract, 0.5 mg of protein (pH 8.7). Several attempts were made to show the phosphoroclastic enzyme in cell-free extracts by measuring the formation of acetyl phosphate, acetate, and formate. The incubation mixture was the same as that described by Knappe et al. (14) . However, S-adenosyl-L-methionine was not tested as an activator. Instead, mixtures of L-methionine and ATP were used. In some experiments, fluoride and phosphate acetyltransferase (EC 2.3.1 .8) were omitted from the reaction mixture.
Determination of fructose-1, 6-diphosphate. Fructose-I,6-diphosphate was determined in cell suspensions of strain S 324 fermenting glucose or lactose. To a cell suspension [approximately 12 mg (dry weight) of bacteria per ml of 0.067 M sodium potassium phosphate buffer, pH 6.8] 50 ,umoles of glucose or 25 ;smoles of lactose was added per ml. Fermentation took place at 37 C under N2 plus CO2 (95:5). When the pH had lowered to 6.0, fermentation was stopped by keeping the reaction vessel in a water bath at 80 C for 5 min. Cells were extracted with perchloric acid (final concentration, 0.5 M) at 20 C for 30 min. After centrifugation, the supernatant fluid was neutralized with 5 M K2CO3. The precipitated KCl04 was removed by centrifugation (0 C). In the supernatant fluid, fructose-1,6-diphosphate was determined enzymatically with aldolase (EC 4.1.2.13), triose phosphate isomerase (EC 5.3.1.1), and glycerol-3-phosphate dehydrogenase (EC 1. 1.1. 8) (3). Positive controls were run in parallel.
Determination of molar growth yields. Growth yields were determined in the medium described above, to which growth-limiting concentrations of glucose, lactose, galactose, or mannitol were added. Growth yields were measured by filtration, with the use of a Stefi filter apparatus and membrane filters (MF 30) of constant weight (Sartorius Membranfilters GmbH, Gottingen, Germany). When growth was complete (maximal optical density), the culture was centrifuged. The supernatant fluid was passed through the filter which had been previously dried and weighed. Then the sediment was transferred to the filter quantitatively. After washing with water, the filter was dried to constant weight at 105 C.
Chemicals. NAD, NADP, NADH, ATP, and enzymes used in the determination of fructose-1, 6-diphosphate and hexokinase, were obtained from C. F. Boehringer and Soehne GmbH, Mannheim, Germany.
REsULTs
Fermentation balances. In Table 1 The balance of strain S 324, which was the mean of seven determinations, fitted the equation rather well. The fermentation balance found in growing cultures of strain S 128 agreed with the fermentation balance previously found (29) in resting-cell suspensions. Only small amounts of ethyl alcohol and formate were formed. In accordance with the theoretical balance, more lactate and less acetate was formed. It is very peculiar that strain S 327 formed no lactate at all from glucose.
Attempts to show the phosphoroclastic enzyme in cell-free extracts of glucose-grown cells of strain S 324 failed. In a resting-cell suspension of this strain, the phosphoroclastic split was demonstrated clearly. The fermentation balance of pyruvate was as follows:
pyruvate --0.88 acetate + 0.79 formate The C recovery was 85%.
Breakdown of mannitol. The fermentation balances of mannitol, determined for strain S 324, S 200, and S 332, agreed with each other. There were only differences in the amount of lactate formed. As expected, more ethyl alcohol was formed from mannitol than from glucose. The theoretical balance, which is based on the formation of x mole of formate per mole of mannitol, is as follows: mannitol -) (1 + 0.5x) acetate + (1 -x) lactate + (0.5 + 0.5x) ethyl alcohol + x formate Comparing the balances found with the theoretical balances, it can be seen that the amount of ethyl alcohol formed was too low. Possibly, evaporation of ethyl alcohol took place during the incubation period, which lasted 2 days.
Further investigation on the pathway of breakdown of mannitol was accomplished by enzyme determinations. In Table 2 , the specific activities of polyol dehydrogenase, glucokinase, fructokinase, and alcohol dehydrogenase in cell-free extracts of glucose-and mannitol-grown cells of strain S 324 are shown. NAD-specific polyol dehydrogenase and fructokinase were demonstrated in mannitol-grown cells. Because the specific activity of NADH oxidase was very small compared with that of polyol dehydrogenase, no correction was made for NADH oxidase. The polyol dehydrogenase showed no activity with NADP. The specific activity of polyol dehydrogenase was about the same for mannitol and fructose. The specific activity for sorbitol was somewhat less. The specific activity of fructokinase was much higher in mannitol-grown cells than in glucose-grown cells. Mannitol kinase and mannitol-l-phosphate dehydrogenase were absent from strain S 324. It can be concluded that mannitol was converted to fructose-6-phosphate by an inducible mannitol dehydrogenase and fructokinase. The same was found for two other strains of Bifidobacterium.
The specific activity of alcohol dehydrogenase was higher in mannitol-grown cells than in glucose-grown cells. The induction of alcohol dehydrogenase seems to be dependent on the amount of NADH generated from the growth substrate.
Fermentation of lactose, galactose, and xylose. Fermentation balances of lactose were determined for strains S 324, S 200, and S 327 ( Table   1 It might be possible that the differences between the fermentation balances of glucose and lactose could be correlated with the concentration of fructose-1 ,6-diphosphate and pyruvate in the cells. Attempts to show fructose-i , 6-diphosphate in strain S 324, growing with an excess of glucose or lactose, were unsuccessful. Probably trace amounts of fructose-i ,6-diphosphate, present in the cells, were metabolized during the centrifugation procedure required to concentrate the cells into a small volume. In cell suspensions in which glucose or lactose were being fermented, trace amounts of fructose-i , 6- from glucose. Not more than 1 % internal polysaccharides was shown to be present in this strain when it was growing with an excess of glucose.
DIscussioN
In the present work, fermentation balances of glucose, lactose, galactose, mannitol, and xylose were determined in growing cultures of bifidobacteria. C recoveries were between 81 and 97%. Except for glucose, residual substrate was not determined. Mostly, glucose was fermented completely. For one strain (S 327), the amount of residual glucose was 17% of the amount of glucose added. In this case, a correction was made for residual glucose. In calculating the balances of the other substrates, it was assumed that they had been fermented completely. However, the possibility of incomplete substrate utilization cannot be excluded, because some strains grew very slowly with limiting concentrations of sugars, and cells might have been harvested before the point of maximal growth. Possibly, this factor explains the low C recovery obtained for strain S 327 growing on lactose. Other factors, which could have led to low C recoveries, might be the formation of a few other products, such as mannitol, glycerol, or succinate, and ethyl alcohol volatility.
From the results presented in this paper, it can be concluded that bifidobacteria convert pyruvate, formed as an intermediate in the fructose-6-phosphate phosphoketolase route, by two paths. The first path is a reduction of pyruvate to L( +)-lactate. L(+)-Lactate dehydrogenase of all strains studied specifically requires fructose-1,6-diphosphate for activity, as was found previously for Streptococcus bovis by Wolin (33) . The second path is a cleavage of pyruvate into acetyl phosphate and formate by the phosphoroclastic enzyme. Part of acetyl phosphate formed is reduced to ethyl alcohol. Previously, Dittman (7) reported the formation of ethyl alcohol from sugars by bifidobacteria. However, he did not test for the presence of formate.
The amount of pyruvate converted via either pathway varies with the strain used. The reduction of pyruvate to lactate seems to be dominant in strain S 128. On the other hand, strain S 327 does not form lactate from glucose. In the other strains studied, both routes are involved in the conversion of pyruvate. The amount of pyruvate converted via either pathway turns out to be influenced by the growth substrate. For instance, three strains studied form much more L(+)-lactate from lactose than from glucose. Three factors which may influence the choice between the two pathways can be mentioned. The first is the relative amount of the phosphoroclastic enzyme and lactate de-476 hydrogenase. This factor cannot be tested, because all attempts to show the phosphoroclastic enzyme in cell-free extracts failed. Most proba--bly, this enzyme is very unstable and is inactivated during the preparation of the cell-free extract. A second factor, the amount of fructose-i , 6-diphosphate present in the cell, might explain why strain S 327 does not form lactate from glucose. This strain grows very slowly on glucose, and the intracellular concentrations of fructose-6-phosphate and ATP may remain too low to form the concentration of fructose-i ,6-diphosphate required to activate lactate dehydrogenase. For strain S 324, no difference in fructose-I , 6-diphosphate content between lactose-and glucose-fermenting cell suspensions was found, although more lactate was formed from lactose than from glucose. In both cell suspensions, trace amounts of fructose-i , 6-diphosphate were present. Assuming that the water content of bifidobacteria is 80% and the density is 1.3, the amounts of fructose-1 ,6-diphosphate vary from 0.1 to 0.5 ,umole per ml of undried bacteria. Comparison of this value with the amount of fructose-i ,6-diphosphate (4 X 10-3 umole per ml of reaction mixture) required to yield 50% of maximal activity of lactate dehydrogenase makes it evident that the low concentration of fructose-I , 6-diphosphate found in the cells is sufficient to account for activation of lactate dehydrogenase. A third factor which might regulate the conversion of pyruvate could be a different affinity of lactate dehydrogenase and the phosphoroclastic enzyme toward pyruvate. In cultures of strain S 324 growing with glucose, the stationary concentration of pyruvate was about twice as large as that in cultures growing with lactose. The difference between the fermentation balances of glucose and lactose found for this strain might be explained by supposing that the phosphoroclastic enzyme has a lower affinity for pyruvate than does lactate dehydrogenase.
Two pathways for converting mannitol are known for bacteria. Escherichia coli, Aerobacter aerogenes, Bacillus subtilis, Staphylococcus aureus, and L. plantarum convert mannitol to fructose-6-phosphate by means of mannitol phosphotransferase, utilizing ATP or phosphoenolpyruvate as a phosphate donor, and mannitol-l-phosphate dehydrogenase (4, 5, 10, 13, 16, 26, 27, 32) . The conversion of mannitol to fructose by a dehydrogenase has been described for L. brevis (19) , Gluconobacter oxydans (12, 24) , Acetobacter suboxydans (1), Azotobacter agilis (18) , and Pseudomonas fluorescens (22) . Mostly, the dehydrogenase is a polyol dehydrogenase which converts both mannitol and sorbitol. In this paper, it is shown that the first steps in the degradation of mannitol by bifidobacteria are dehydrogenation to fructose by an inducible, NAD-specific polyol dehydrogenase and subsequent phosphorylation of fructose to fructose-6-phosphate by an inducible fructokinase. Bauchop 
